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Dynamic actuation using 
nano-bio interfaces
The nanoscale dimensions, sensitive electronic control, and flexible 
architecture of new generations of nanomaterials and nanofabrication 
techniques hold immense promise not only for electronic devices, but 
also biological interfaces. As the size scales of these materials approach 
biological species, interfaces with characteristics designed to emulate 
their nanoscale biological counterparts are becoming possible. These 
new systems have higher biocompatibility, functionality, and lower cell 
toxicity than their microscale predecessors. While stellar examples have 
been demonstrated for biomolecular detection and imaging, exciting 
new possibilities for long-term integration and dynamic stimulation are 
now emerging, including protein activation, membrane integration and 
intracellular delivery. These tailored interfaces may lead to improved 
regenerative medicine, gene therapy and neural prosthetics.
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A long-standing dream in biotechnology is the seamless 
integration of artificial components with biological systems. These 
interfaces would be both structural, allowing synthetic constructs 
to incorporate into cells and tissues; as well as functional, enabling 
perturbation and detection of biological processes. Distributed 
networks of bio-electronic devices could locate disease, repair 
or reprogram genetic information, or establish brain-machine 
interfaces (BMI) to control external prostheses. Such ‘biotic-
abiotic’ interfaces could communicate at a cell’s external surface, 
or even go beyond, into the cell itself. Currently, the toolset for 
implementing these schemes is far from complete. Two of the 
major challenges are forming robust biocompatible interfaces 
and dynamically translating external stimuli into biochemical 
signals. Nevertheless, these goals are becoming closer to reality as 
new nanostructures are developed that can emulate the size and 
composition of biomolecules.
Major progress has been made in controlling the external 
microenvironment around cells by engineering the surface morphology, 
mechanical stiffness and chemical functionality of materials with 
nanometer scale precision1-4. These substrates can be complemented 
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by microfluidic ‘lab-on-a-chip’ technologies that regulate the 
concentration and distribution of aqueous signals such as growth 
factors and cytokines5,6. In conjunction with highly sensitive detection 
schemes using nanowires7,8, microcantilevers9,10, and plasmonic 
effects11,12, these platforms are powerful tools to stimulate and 
measure cell behavior under well-defined conditions.
However, for many therapeutic and scientific applications direct 
access into the cell interior is highly advantageous. By bypassing the 
cell wall, researchers have unfettered access to biochemical signaling 
networks, transcription machinery, and electronic activity. Examples 
include targeted delivery of proteins, DNA and RNA, or electrical 
conduits for measuring and stimulating ion channel activity. Recent 
results showing that one-dimensional nanowires13-15 and carbon 
nanotubes16,17 can pierce the membrane without overt cytotoxicity 
have spurred optimism that directly penetrating architectures are 
possible, perhaps even over extended time periods. Yet nanoscale size 
alone does not guarantee biocompatibility. Continuous cell penetrating 
materials must span three very different environments within tens of 
nanometers: extracellular, intracellular, and the poorly defined interface 
with the ruptured membrane. Successful interaction with each zone 
may require different biomimetic characteristics reminiscent of natural 
proteins and lipid bilayers, such as patterned hydrophobicity, chemical 
functionality, or surface charge. 
 In addition to providing an intimate connection to the cell or 
tissue, these structures must transduce external stimuli into biologically 
meaningful signals. This could be as direct as releasing active 
biochemicals, or as non-specific as generating electric fields. Although 
nanowires have been highly successful for sensing, their use in localized 
stimulation of biological systems remains nascent. Nevertheless, 
the extraordinary electrical and optical properties exhibited by 
nanomaterials suggest intriguing possibilities for dynamic actuation 
using redox chemistry or other electrostatic phenomena. These devices 
could even harness Nature’s own molecular machinery to transmit 
specific commands to biochemical signaling or synthesis pathways.
In this review, we highlight several examples of how nanostructures 
and nanoscale patterning are leading to new capabilities to actuate 
biological protein activity, integrate inorganic structures with the 
cell membrane, and direct molecular delivery into the cell. These 
demonstrations are the first steps toward establishing the basic design 
rules for seamless actuation and membrane-inorganic integration that 
will guide the development of new classes of devices and applications. 
Electronic control of biomolecular activity
Electrical mechanisms have many advantages for communicating 
information in biotic-abiotic interfaces. Integrated device architectures 
are readily scalable, allowing massively parallel actuation and 
measurement capabilities that will ultimately be essential for 
systems biology and personalized medicine. Moreover, the extensive 
infrastructure developed for semiconductor processing can be utilized 
for nanoscale fabrication and synthesis. Unfortunately, electrical 
mechanisms are generally not the natural mode of communication in 
biological systems and have limited selectivity.
In contrast, biomolecules exhibit nanoscale functionalities that 
are unparalleled in artificial nanostructures18. These include detecting 
ligand binding, conformation changes or chemical modification, as well 
as carrying out chemical transport, catalysis, membrane signaling, and 
mechanical actuation. External control could leverage these capabilities 
to influence biological behavior or enhance the functionality of artificial 
devices. For example, arrays of different biomolecules such as kinases 
or phosphatases immobilized on electrode surfaces could each catalyze 
a specific, spatially localized biochemical process depending upon 
the attached molecule. Proper selection of proteins could provide an 
external handle for controlling signaling cascades, biochemical logic 
circuits, and ion flow. 
Realizing this vision requires a facile scheme to dynamically activate 
protein or nucleic acid function. Willner and colleagues pioneered 
the electrochemical activation of surface-attached proteins, elegantly 
utilizing electron transfer mechanisms to enhance glucose oxidase and 
lactate dehydrogenase catalysis, in some cases even above their native 
rate19. However, this approach is limited to the small subset of proteins 
which are redox-active, and often requires synthetic modification and 
careful immobilization for effective electrical coupling20. Rather than 
rely on proteins, Mrksich and coworkers demonstrated a powerful 
hybrid scheme using biochemical ligands tethered to self-assembled 
monolayers through electroactive quinone ester groups21. Application 
of current causes the redox-active linker to cleave, releasing the 
tethered molecules. By attaching and releasing RGD, a short peptide 
sequence involved in cell adhesion, cell attachment and migration 
could be controlled22. This scheme has recently been extended to 
create microarrays of different substituent groups with controllable 
ligand density, and applied to stem cell differentiation23. An alternative 
approach is to avoid electrochemistry altogether and take advantage of 
the enhanced electrostatic fields near an electrode surface. Instead of 
relying on electron transfer, the high surface charge on the electrode 
strongly enhances the local ion concentration and electric fields, since 
oppositely charged counterions accumulate in a nanoscale diffuse-
charge layer24. Such effects could directly perturb protein structure 
and function, since these properties depend sensitively on ionic 
strength and pH25. Moreover, the electric fields and diffuse-charge 
layers are effective only over a few nanometers, so that molecules in 
close proximity to the electrode surface can experience dramatically 
perturbed conditions, while those slightly farther away are largely 
unaffected. This non-redox approach has additional advantages in that 
it uses low voltages, does not produce reactive side products, is fully 
reversible, and could influence a wide variety of biomolecules.
Initial demonstrations of this approach utilized positive or negative 
electric fields to manipulate charged biopolymers. Rant and coworkers 
have demonstrated that the conformation of short DNA oligomers 
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immobilized at low grafting densities can be reversibly switched with 
applied fields26. Since DNA is negatively charged, positive voltages 
caused the DNA to flatten on the surface, while negative voltages 
caused the DNA to orient vertically (Fig. 1). The conformation could 
be read out using a fluorescent label on the distal end of the DNA, 
which exhibited distance-dependent quenching with the metal 
electrode. Highly sensitive readout of DNA hybridization27 was 
achieved by comparing the characteristic reorientation timescales for 
more flexible single-stranded DNA oligomers versus stiffer double-
stranded DNA. A team led by Lahann and Langer used an analogous 
effect to cause alkanethiol molecules to bend from a vertical to a 
horizontal orientation as their charged headgroups were attracted to 
the electrode surface, exposing the hydrophobic alkane chain on the 
surface. Impressively, these coordinated molecular rearrangements 
generated a macroscopic change from a hydrophilic to a hydrophobic 
surface28.
Electrostatic fields can also influence self-assembly and 
hybridization of DNA, enabling combinatorial functionalization and 
release of genetic material or DNA-attached nanostructures (Fig. 1c). 
Positive voltages (+300 mV) applied to gold electrodes functionalized 
with single-strand DNA showed a three-fold enhancement in 
complementary DNA hybridization relative to the case of zero voltage 
(Fig. 1d), while for negative bias it was an order of magnitude smaller. 
This may have direct applications for DNA biosensors and microarrays, 
as hybridization was possible even at very high DNA surface 
coverage31. The Georgiadis and Bartlett groups further demonstrated 
that counterion-screened electric fields can selectively melt 
mismatched DNA sequences, albeit slowly, to enhance selectivity and 
decrease cross-hybridization effects32,33. Surprisingly, by intentionally 
designing mismatches at key points, DNA acts as electronically 
controlled Velcro, reversibly attaching and detaching with electric 
field29. This appears to be most effective when mismatches are placed 
Fig. 1 Electrostatic control of biomolecular function. (a) Electric fields cause hybridized DNA strands to re-orient. (b) Fluorescent intensity varies as fluorophores 
located at the end of the DNA strand approach and recede from the gold surface. (c) Electrostatic control of DNA hybridization at high surface probe density. (d) 
Different field polarities can either promote or retard hybridization. (e) Electric fields can enhance local Mg2+ ion concentrations, acting similarly to an ion signaling 
event. Here actin polymerization is turned on locally at the electrode surface. (f) Well-formed actin bundles form from the electrode surface. (a), (b) reproduced 
with permission from26; (c), (d) from29; (e), (f) from30.
(b)(a)
(c) (d)
(e) (f)
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near the electrode surface where the counterion-screened electric fields 
are strongest. This has exciting implications for intracellular spatial and 
temporal release of different DNA sequences, or for error-correction in 
DNA-based assembly of nanomaterials.
 In addition to electric fields, the enhancements in counterion 
concentration near an electrode surface provide an alternative, 
biomimetic mechanism for actuating biological systems. Indeed, 
transient spikes and waves in calcium ion concentration trigger 
biochemical pathways in cells and tissues that promote downstream 
processes such as exocytosis, muscle contraction, metabolism, 
transcription and apoptosis34. Our group explored whether electric 
field-induced accumulation of Mg2+ could similarly activate G-actin 
monomers, which polymerize into F-actin filaments in the presence 
of ~2mM Mg2+
30
. The actin monomers were initially inactive in a 
buffer solution of 0.2mM Mg2+, then began to polymerize rapidly upon 
application of a low-frequency AC voltage (Fig. 1e). This resulted from 
the concentration and mixing of the Mg2+ and actin monomers during 
the different phases of the AC signal, and is frequency dependent. 
Polymerization was localized along the electrode edge where electric 
fields were strongest, and formed highly oriented, nematic bundle 
structures reminiscent of cellular actin bundles(Fig. 1f). The success of 
this scheme may prove to be widely applicable for electronic control of 
ion-sensitive biochemical pathways, including protein kinases (control 
motifs and phosphorylation), DNA polymerase (replication), actin (cell 
shape and motility), and myosin (muscle function and motility).
Breaching the cell membrane
Ideal biotic/abiotic interfaces would use robust, long-term integration 
of unnatural components with biological systems as a vehicle for two-
way communication into and out of the cell. However, the cell’s lipid 
membrane presents a formidable barrier, and overt hole formation 
often leads to cell death35,36. Mammalian cell membranes consist 
of a two-dimensional bilayer of amphiphilic lipid molecules, which 
have a hydrophilic ‘head’ group which remains in contact with the 
water, and hydrophobic ‘tail’ groups which create a hydrophobic layer 
in the middle of the bilayer. This 2-3 nm thick hydrophobic core is 
an excellent blockade for the typically hydrophilic and polar species 
present in aqueous solutions, and prevents unwanted molecular species 
from entering.
A number of techniques have been developed to transiently 
penetrate or bypass the membrane in order to deliver chemicals or 
genetic material. These include endocytotic uptake, microinjection, 
and electroporation, among others. Endocytosis involves active cellular 
engulfment of a particle or molecule, and exposes the reagents to harsh 
proteolytic and acidic environments meant to degrade external species, 
thus lowering efficacy significantly37. Most drug and non-viral gene 
delivery agents, such as cationic polymers, liposomes, and nanoparticles 
use this endocytotic pathway to enter the cell, often requiring 
significant concentrations to be successful. Microinjection takes a more 
direct approach, using a glass micropipette to rupture the membrane 
and inject the desired chemicals38. However, this cell-by-cell process is 
slow, requires skilled personnel, and is more difficult on adherent cells. 
Cells can also be permeablized in parallel by electroporation, which 
employs large electric fields to create transient holes in the membrane, 
though yields and cell viability tend to be low39,40.
Nanomaterial membrane penetration
An alternative to physically disrupting the cell membrane is to engineer 
the penetrating material surfaces to interact specifically with the 
interior of the lipid bilayer. The design rules for this approach are still 
being established, but nanometer size and hydrophobic patterning 
appear to play important roles. Stellacci, Irvine and coworkers 
developed an intriguing scheme for overcoming the structured 
hydrophobicity in the membrane42. Their team discovered that a 
mix of hydrophilic and hydrophobic alkanethiols decorating ~6 nm 
gold nanoparticles spontaneously organizes into periodic, alternating 
hydrophilic and hydrophobic “stripes” roughly 0.6 nm in width along 
the nanoparticle surface (Fig. 2)41. The nanoscale patterning of these 
two hydrophobicities appears to give very different interaction energies 
than would be estimated from a weighted average of the two bulk 
Fig. 2 Nanostructured materials penetrate the cell membrane. (a) A schematic of an Au nanoparticle functionalized with ‘stripes’ of hydrophilic (11-mercapto-
1-undecanesulphonate) and hydrophobic  (1-octane thiol) molecules. (b) A scanning tunneling microscopy (STM) image of the functionalized Au particles 
showing characteristic banding. (c) Brightfield/fluorescence overlays of dendritic cells exposed to fluorescently labeled Au nanoparticles. The particles distribute 
homogeneously in the cytosol, but do not appear to enter the nucleus. (d) A molecular dynamics simulation of water density near the striped surface. (a-c) 
reproduced with permission from41, (d) from42.
(b)(a) (c) (d)
<2nm
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properties, as typically observed for larger scale heterogeneities43. 
AFM and molecular dynamics simulations of this striped interface 
led to the conclusion that these effects arose from a combination of 
cavitation energy and confinement of solvent molecules around the 
nanoparticles42. This heterogeneous combination of hydrophobicity and 
hydrophilicity at the nanoscale appears to enable passive entry into the 
cell membrane, even when active endocytotic processes are blocked 
by pharmacological agents or deactivated at low temperatures41. 
Currently, only very small nanoparticles have shown sufficient 
curvature energy to induce this local banding. However, further 
research may uncover means to induce order on larger particles that 
could carry more cargo.
Recently, our group has explored the possibility of directly mimicking 
the hydrophobic structure of natural transmembrane proteins to create 
an ‘artificial membrane protein.’ This idea is based on the simple 
observation that thousands of membrane proteins span the membrane 
constantly, with no fluid leakage or ill effects. If an artificial structure, 
like a metallic post, could replicate a similar structure, then perhaps it 
too would similarly integrate seamlessly. A survey of transmembrane 
proteins revealed three common characteristics to guide the material 
design44. First, the transmembrane regions are mostly hydrophobic 
alpha helices with hydrophilic peptides located on either end. Second, 
the length of the hydrophobic domain is within 10-20% of the 
thickness of the hydrophobic bilayer core. Third, the protein surfaces 
are not specially ordered and can have significant roughness. These 
characteristics are extremely encouraging for biomimetic systems, as 
no specialized protein interactions or molecular-scale configurations are 
necessary. Instead, formation of a nanometer-scale hydrophobic band 
on an otherwise hydrophilic structure appears to be the key attribute. 
The most significant obstacle to realizing this biomimetic approach 
was the creation of a ~3-5 nm hydrophobic band on a hydrophilic 
structure, which is beyond even state-of-the-art lithographic 
techniques. We circumvented this difficulty by using the outer edge 
of a three-layer metal stack as a physical template. Fig. 3 shows a 
schematic of a metallic post formed by sequential evaporation of a 
metal with a hydrophilic surface (such as titanium or chrome), followed 
by a gold layer with a thickness equal to the desired hydrophobic band 
height, capped off with another hydrophilic metal. The outer surface 
of the exposed gold layer can then be selectively functionalized with 
hydrophobic molecules using thiol-based self-assembly techniques46. 
This approach provides a straightforward means to create a wide 
variety of hydrophobic or hydrophilic bands with thicknesses ranging 
down to a few Angstroms.
These ‘stealth’ probes functionalized with alkanethiols as the 
hydrophobic agents readily inserted into the hydrophobic core of 
lipid bilayer and formed adhesive junctions very similar to native 
transmembrane proteins45. The strength of the lipid-probe interface 
for different alkane molecules was tested by fabricating the probe on 
an AFM cantilever and inserting into a stack of bilayers (Fig. 3d). An 
adhesion energy was determined from force-clamp spectroscopy, which 
Fig. 3 “Stealth” probe fusion in lipid membranes. (a) Schematic of a probe with a nanoscale hydrophobic band commensurate with the hydrophilic lipid core 
produced by functionalizing the edge of the Au layer. (b) Transmission electron micrographs of a post with a 10nm thick Au sandwiched between two 10nm Cr 
layers. (c) Diagram of probe fusion into a cell membrane, and an optical image of a red blood cell being deformed after contact with the probe. (d) The adhesion 
energy of different bands was tested by force clamp spectroscopy through a lipid bilayer stack. Adapted with permission from45.
(c)(a)
(b) (d)
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relates the rate of bilayer failure to the amount of applied force47. 
Surprisingly, dramatic differences were observed for alkanethiols of 
different lengths, despite their similar (macroscopic) hydrophobicities. 
Adhesion energies of short butanethiols were 21.8 kBT, compared 
to 14.0 kBT for longer dodecanethiols. Systematic variation of the 
alkane chain length indicated a transition from strong to weak 
adhesion occured for alkane chains between 6-8 carbon atoms long. 
This is comparable to the phase transition from a fluid, disorganized 
phase to a rigid, crystalline phase observed for alkanethiols on planar 
surfaces48,49, suggesting that physicochemical attributes other than 
hydrophobicity are also critical for membrane-edge interactions. The 
adhesion strength for 10 nm thick bands was also lower than for 5 nm 
thick bands, supporting the importance of matching the nanoscale 
chemical patterning to that of the lipid structure. Though much more 
work remains, these examples show that rationally designed surfaces 
and nanoscale fabrication techniques may enable artificial materials to 
permanently integrate into the cell wall, providing a non-destructive 
portal into the cell. 
Nanowire lipid membrane penetration
Rather than relying upon surface functionality, thin one dimensional 
nanostructures also appear to readily penetrate the membrane barrier. 
Nanowires and nanotubes are highly advantageous compared to 
microscale probes due to the high local stresses generated by their 
small diameters (~1-100 nm). In fact, the force required to penetrate 
the bilayer may be small enough that cell adhesion alone can cause 
impalement. As an example, AFM measurements of supported lipid 
bilayer failure have typical rupture forces of ~1-5 nN50, which is well 
within the measured 10-50 nN generated by traction forces of crawling 
cells51. Another benefit of using small nanowire diameters is that the 
amount of fluid leakage through any small gaps between the wire and 
the membrane will be relatively small.
Han et al. tested this concept by fabricating 200 nm diameter Si 
nanoneedles on the end of an AFM cantilever52. DNA was attached to 
the Si surface using a biotin-streptavidin linker, and the nanoneedle 
was inserted into and retracted from a HEK293 cell up to ten times. 
After this process the cell apparently suffered no obvious ill effects, 
and was reported to divide normally. However, due to the strong 
attachment of the DNA to the probe, no genetic release was possible. 
Bertozzi, Zettl and coworkers attached carbon nanotubes to an AFM 
tip and decorated them with quantum dots through a disulfide linker17. 
The carbon nanotubes were inserted into a specific location in a cell 
for 15-30 minutes, which caused the disulfide linker to reduce in the 
intracellular environment, releasing the quantum dots (Fig. 4a). The 
quantum dots were initially highly localized to the insertion location, but 
then diffused within the intracellular environment. The viability of cells 
was tested using fluorescent dyes to test cell-activity and membrane 
integrity, indicating no sign of membrane damage up to 10 hours after 
injection. However, this process is serial, requiring each cell to be injected 
one at a time, diminishing its applicability for widespread use.
Another important scheme inverts this geometry by placing cells on 
top of a nanowire-covered surface. Yang and coworkers demonstrated 
that cells could be cultured on arrays of vertically-oriented silicon 
nanowires (Fig. 4b)14. These cells were impaled onto ~90 nm diameter 
nanowires without the application of any external force within one 
hour, with an average of 2-3 nanowires per cell. After 48 hours, 
Fig. 4 Nanotube and nanowire cell penetration. (a) Carbon nanotubes attached to an AFM cantilever insert through the cell membrane, then release quantum dots 
via oxidation of a disulphide linker. (b) Fluorescence and SEM images of mouse embryonic stem cells impaled on 90 nm diameter by ~6 μm long silicon nanowires. 
(c) Fluorescence and false-colored SEM images of HeLa cells cultured on top of silicon nanowires, showing deposition and spreading of cells on the substrate over 
time. (a) is reproduced with permission from17, (b) from14, and (c) from15.
(c)(a) (b)
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approximately 78% of cells remained viable. Cell survival was found 
to be inversely correlated with nanowire diameter, with cell death 
occurring in less than a day for ~400 nm wires, and after 5 days for 
~30 nm wires. This approach replaces the serial transfection process 
with a massively parallel process where a large number of cells can be 
simultaneously transfected. DNA plasmid delivery was investigated by 
pre-adsorption of the DNA onto a cationic layer of polyethylene imide 
(PEI) coated onto the nanowires, but achieved only limited success 
(< 1%), which was partly attributed to strong electrostatic binding to 
the PEI. Further tests of cell proliferation on Si53 and GaP nanowires13 
similarly found high cell viability on NW arrays, though spreading and 
attachment could vary depending on NW density.
Park and coworkers achieved a major breakthrough by using amine 
functionalization to promote nonspecific binding of biomolecules 
on similar silicon nanowire arrays (Fig. 4a)15. They demonstrated 
that cells cultured on these arrays grew and divided over a period 
of weeks, although there may have been initial reversible injuries 
in the first few hours. This approach was successful at transfecting 
over 95% of cells, including immortalized HeLA cells, fibroblasts, rat 
neural progenitor cells and rat hippocampal neurons. Moreover, the 
platform was used with a wide variety of biomolecules, including 
siRNA, peptides, DNA and proteins. The nonspecific adsorption of 
these molecules allowed them to be deposited on the nanowires using 
conventional spotting techniques, enabling combinatorial arrays for 
high-throughput screening. Some aspects of cell function, such as cell 
division and disruption of normal cell-shape, were mildly perturbed by 
penetration of the nanowires, but the cells appeared to regain normal 
functionality after an initial period15. This technology is extremely 
promising for cells and biomolecules that are difficult to transfect using 
conventional techniques, and avoids complicated packaging or chemical 
modification of the species to be delivered. These platforms are poised 
to revolutionize transfection and drug delivery for a wide variety of in 
vitro cell systems, as well as in vivo applications. 
Nanofluidic delivery platforms
Although posts and nanowires can deliver various molecular species 
from their surface, the quantities and kinetics of release are difficult 
to control precisely. These demands have motivated the development 
of nanofluidics integrated with AFM probes to directly deliver 
solutions of bioactive species to cells with subcellular precision and 
temporal control. Meister et al. developed a “FluidFM” cantilever 
with a nanofluidic channel running through the middle to a small, 
~100-1000 nm pore at the apex of the tip (Fig 3)54. By connecting 
the nanofluidic channel to an external fluid supply, volumes as small 
as 10 fL (10x10-15 liters) could be released precisely below the tip. 
Membrane permeant signals could be delivered to a specific location 
on the cell, or by rupturing the membrane with the probe, membrane-
impermeant dyes could be injected into the cell itself.
This platform provides both imaging (~200 nm resolution in 
aqueous solution) and force-measurement capabilities to further 
hone the chemical delivery. For instance, with the FluidFM probe the 
cell contact force could be monitored to discern whether the probe 
ruptured the membrane, or was merely in soft contact54. These two 
extremes could be selected by using either a sharp probe tip for 
membrane rupture, or milling the probe tip to reduce the radius of 
curvature, and thus reducing the local stress on the membrane.  The 
control over the applied force and tip dimensions appears to eliminate 
permanent cellular damage. The imaging capability of the AFM also 
enabled precise delivery to a specific subcellular region. A neurite 
varicosity (bulge) along a particular neural outgrowth was identified by 
Fig. 5 Scanning nanofluidic delivery platforms. (a) Fluidic delivery from an AFM cantilever tip. Insets show the tip penetrating a cell membrane and delivering 
fluorescent species through a nanoscale pore and an SEM image of a ~250nm diameter pore drilled in the cantilever tip. (b) Schematic of the nanofountain pen 
with an integrated fluid reservoir. Membrane penetration with the nanoscale probe tip allows fluid delivery in-vitro. (a) is adapted with permission from54, and (b) is 
adapted with permission from55.
(a) (b)
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optical microscopy combined with high-resolution AFM scanning, then 
a membrane impermeant dye delivered directly into the bulge region. 
After probe withdrawal the dye did not appear to leak from the region, 
suggesting that the membrane had healed. 
At the same time, Espinosa and coworkers demonstrated a 
“Nanofountain probe” (NFP) that could both write sub-100 nm 
patterns on substrates and deliver signals to cells in vitro55. The design 
was based upon Dip-Pen Lithography (DPN) architecture, but with a 
continuous fluid supply. Chemicals stored in a reservoir at the base 
of the cantilever wicked to the tip via capillary action, where they 
were delivered onto a conical tip to dispense on a substrate or cell 
(Fig. 5). Delivery of nanodiamonds coated with fluorescent dye was 
demonstrated on three cell types, and highly localized fluorescence was 
initially observed for each. After injection a ~5 μm spot was observed 
inside the cell, which subsequently dispersed throughout the interior. By 
following the spread of the dye, the diffusion constant for the 4-10 nm 
diameter nanodiamonds within the cell cytosol was determined to be 
~11x10-3 μm2·s-1, about four times faster than 35nm nanoparticles.
These approaches are highly versatile since they can locally deliver 
very small quantities of a specific biochemical agent in conjunction 
with imaging and force feedback. These scanning probes can be used to 
deliver signals at arbitrary positions, and multiple deliveries to different 
regions could be accomplished relatively quickly. Using these types of 
systems, reagents could be delivered selectively and asymmetrically to 
one area of a cell in order to induce polarization or differentiation. 
One limitation of these scanning probe techniques is that they 
are serial. An exciting prospect would be a massively parallel platform 
for coordinated point-like release of chemicals with high spatial and 
temporal resolution. However, it is challenging to build low-leakage rate 
valves with a sub-cellular sized footprint using conventional microfluidic 
technologies. For example, gating technologies such as soft channel 
deformation57, mechanical check valves58 and bulk fluid injection/
withdrawal59,60 have device footprints in the range of ~100 μm2 when 
the fluidic delivery is taken into account. Santini et al. first demonstrated 
an alternate microreservoir architecture to release drugs at a particular 
location, although the large reservoir size precluded accurate spatial 
control61,62. Similar approaches were later developed as artificial 
synapses to release neurostimulants, with ~50 μm resolution59,63.
Inspired by the excellent barrier properties of the cellular membrane, 
we have reconstituted similar lipid membranes on surfaces to serve as 
‘valves’ for high density arrays of chemical nano-reservoirs. Improved 
resolution was recently demonstrated by creating small reservoirs in a 
silicon substrate filled with biochemical signals and sealed with a lipid 
bilayer56. Reservoirs were created by etching a narrow pore through a 
protective surface film, then etching a cavity in the Si substrate below 
(Fig. 6). This simple procedure affords large latitude in reservoir size and 
spacing: reservoirs as small as 250 nm x 250 nm can be created, with 
separations as little as 1 μm. This platform is very easy to operate, as it 
requires simply depositing drugs on the chip and sealing the reservoirs 
with a lipid bilayer64. The high quality bilayer-chip interface eliminated 
(a) (b)
(c) (d) (e)
Fig. 6 Lipid gated nanoreservoirs. (a) SEM images of an array of nanoreservoirs ranging from 2mm to 5mm across. Pore size was 200 nm. (b) SEM image of a 
reservoir that has the top SiO2 layer etched away with a focused ion beam to expose the smooth pyramidal cavity beneath. (c) Schematic of the lipid sealing 
a biochemical in the nanoreservoir. (d) Fluorescence image of an array of sealed nanoreservoirs. (e) Pulsatile release kinetics by sequentially illuminating the 
nanopore array to open the lipid seals. (a)-(f) is reproduced with permission from56.
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chemical leakage, and the reservoirs were stable for more than three 
weeks. Reservoirs could be unsealed simply by focused illumination 
from a light-microscope, which causes slight heating of the sample, 
and rupture of the lipid bilayer. High resolution, burst-like signaling was 
achieved56, however these reservoirs were limited to a single release. 
For many biological applications, such as neural stimulation or cell 
differentiation, prolonged and repeated stimulation will necessitate a 
scheme for multiple controlled release events.
Conclusions
The brief review here only touches upon a few of the many 
important and complex aspects of integrating nanomaterials and 
electronics together with biological species. Many basic questions 
are unknown, such as how cells respond to intrusions like nanowires 
breaching the membrane, especially over long timescales. This is a 
new frontier for bio-electronic integration, as experiments evolve 
from brief micropipette injections and patch clamping towards 
neuronal communication interfaces that last the entire lifetime of 
a patient. More generally, the biocompatibility of nanomaterials 
must be addressed, including concerns over toxicity, degradation, 
fouling, and long-term systemic effects65. Nevertheless, the dynamic 
actuation of biologically-relevant signals, combined with exquisite 
control over materials chemistry, are promising first steps towards 
seamless communication architectures with biological systems. 
Future developments may lead to highly sophisticated platforms 
with thousands of individual connections between cells and 
electrical systems, enabling unprecedented levels of understanding and 
control.  
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